A high throughput screening (HTS) method for identifying supported nickel catalysts for the decomposition of methane was developed. Porous materials such as H-beta(SiO2/Al2O3 = 150), H-beta (25), and H-ZSM-5(90) were highly effective supports for methane decomposition. The total time to find 3 active catalysts among 18 catalysts could be reduced to about one-third of that required with the conventional method. A Ni content of 5-10 mmol g-support −1 was adequate. The HTS results were consistent with the results obtained using a conventional reactor.
Introduction
Hydrogen formation by catalytic decomposition of methane has received much recent attention as an alternative to hydrogen formation by steam reforming and partial oxidation of light hydrocarbons. Catalytic decomposition of methane has two important advantages: lower requirement of energy than steam reforming for producing hydrogen; no formation of COx, so product hydrogen can be directly supplied to a fuel cell without pretreatment. Typical catalysts for hydrogen formation by decomposition of methane are Ni or Fe supported on metal oxides such as SiO2, Al2O3, TiO2, and ZrO2 1) 6) , but little is known about other supports. We have already reported that zeolites, which have characteristic acidities and crystal structures, especially USY, are more effective than conventional SiO2 supports for the catalytic decomposition of methane 7) , 8) . Recently, high throughput screening (HTS) of heterogeneous catalysts by a combinatorial approach has been used to identify high-performance solid catalysts. Rapid detection of catalytic activity is the key to successfully exploiting this method. Various techniques for detecting the catalytic activities of a large number of catalysts in a short time have been reported 9) 22) . Catalytic decomposition of methane involves the reaction CH4 = C + 2H2. In this reaction, hydrogen flows out with the reactant gas whereas the carbon formed remains on the surface of the catalyst. Moreover, no CO or CO2 is formed. Thus, the amount of H2 formed can be calculated accurately from the amount of carbon formed on the catalyst without analysis of the outlet gas. Therefore, many catalysts can be placed in a single reactor and simultaneously treated under the same conditions. We believe that this method constitutes a novel HTS technique for discovering high-performance solid catalysts.
This study used the HTS method to identify supported Ni-based catalysts for the decomposition of methane. The zeolite supports (and other metal oxides), were expected to be better supports for Ni catalysts, based on our previous study 7),8) . This study also investigated the allowable errors in the HTS method for multiple samples, the compared the results of determination by the HTS method to the results using conventional tube reactors.
Experimental Procedure
Catalysts were prepared by the impregnation method. A ceramic plate (120 mm × 90 mm × 10 mm) with 12 depressions (diameter 20 mm, depth 5 mm, matrix 4 × 3) was used for the experiments. Supports (0.1 g) as described in Table 1 were placed in each of the depressions, nickel nitrate solution was dropped onto the supports, and the slurry on the plate was stirred with a glass rod. The Ni content was con-trolled by the amount and concentration of the Ni(NO3)2 solution. The precursors of the catalysts were dried at 373 K, then calcined at 1023 K for 5 h in air.
The catalysts (2-5 mg) were put in quartz cups (outside diameter 7.0 mm, inside diameter 5.5 mm, height 11.0 mm) as shown in Fig. 1 (a) . The weights of the catalysts were not precisely measured prior to reaction, as the accurate weights of the catalysts were measured with a thermogravimetric analyzer (TGA) after the reaction. The cups containing the catalysts were placed in a ceramic boat ( Fig. 1 (b) ), which could hold up to 12 cups. The boat was set in a quartz tube reactor (outside diameter 28 mm, inside diameter 24 mm) in a tube-type heater ( Fig. 1 (c) ). The temperature in the reactor was measured with a thermocouple. After the catalysts were activated with H2(10 vol%)/Ar(90 vol%) mixed gas at 823 K for 1 h, the reactant gas (CH4(10 vol%)/He(90 vol%), 150 ml min −1 ) was introduced into the reactor. When the reaction was finished, the methane flow was stopped and the reactor was cooled to ca. 373 K under a He flow. A conventional tubular down-flow reactor (quartz, inside diameter 11.0 mm, outside diameter 14.0 mm) and a sideflow reactor (quartz, inside diameter 24 mm, outside diameter 28 mm) were also used.
The amount of H2 formed was obtained by measuring the weight of carbon deposited on the surface of the catalyst during the dehydrogenation with a TGA 2950 thermogravimetric analyzer (TA Instruments, New Castle, DE) using the dynamic rate mode. The conditions were as follows: base rate, 50 K min −1 ; temperature range, room temperature to 1123 K; feed gas, dried air, 30 ml min −1 . The weights of absorbed water and deposited carbon were interpreted from the TGA profiles, and the amount of H2 formation was calculated.
Results and Discussion
The error associated with the catalyst position in the reactor was determined before performing HTS experiments on supported Ni-based catalysts. Three quartz cups containing the same catalyst (Ni/AlPO4-5, No. 15 (Table 1), 1.25 mmol-Ni g-support −1 ) were placed at the inlet side, the center, and the outlet side of the ceramic boat. Reaction was carried out under the conditions in Table 2 . After the reaction, the amounts of carbon on the catalysts were determined to be within 5% of each other, indicating that the error was acceptable for screening catalysts for decomposition of methane (DM). , and 10) were identified after the first screening. The total time spent in obtaining the data presented in Fig. 2 was about 40 h, which we estimate is about one-third of the time that would be required with the conventional method. One experiment required 3.5 h, and four experiments were required to measure the activities of all 18 catalysts presented in Fig. 2 . Also, measurement of the carbon deposits by TGA took 40-50 min. We believe that more rapid measurements of catalytic activities can be achieved by using a larger boat (containing more samples) and an automated highperformance TGA or precision balance. Such measurements could result in a total time of 1/5 to 1/10 of that required by conventional methods.
There are two procedures for the HTS of catalysts. One procedure involves selecting about 100 to 10,000 catalysts and simply determining whether they are active or inactive. The other procedure, which provides more information about the catalysts, involves initial screening of dozens of samples. We believe that the method in this report is suitable for the latter procedure.
We studied the influence of Ni content on the initial activities of the catalysts and found that a Ni content of 5-10 mmol g-support −1 was sufficient for catalytic activity (Fig. 3) . The most active of the 18 supports were the Ni/zeolite catalysts H-beta(150), H-beta(25), and H-ZSM-5(90).
The time courses of the activities of six catalysts (catalysts 1, 4, 5, 8, 9, and 10) are presented in Fig. 4 , in which the Ni content was 5.0 mmol g-support −1 . For catalysts 9 and 10, the total amount of hydrogen increased with reaction time up to 240 min. For the other catalysts (catalysts 1, 4, 5, and 8), the catalytic activities appeared to level off as the reaction proceeded. This leveling-off behavior, which was also observed for the Ni/SiO2 catalysts, is in good accordance with that reported by Takenaka et al. 3) . The cata- (20)) by using conventional tubular down-flow and side-flow reactors ( Table  3) . The side-flow reactor included space over the catalyst powder. The order of the activities for the conventional down-flow reactor was as follows: Hbeta(150) > H-beta(25) > H-ZSM-5(90) > USY(360) > H-ZSM-5(29) > H-mordenite (20) . This order is in good agreement with the order of activities determined by the HTS method, although the activities determined by the HTS method are higher than those determined with the conventional down-flow reactor. The difference in activities might be amplified by the HTS method. The three most active catalysts selected by the HTS method (H-beta(150), H-beta(25), and H-ZSM-5(90)) were about 15-20% more active than the other catalysts (USY(360), H-ZSM-5(29), and H-mordenite (20) ). On the other hand, the activity of Ni/Hbeta(150) was almost the same as that determined with the side-flow reactor. Catalyst performance seemed to be greatly influenced by reactor type. Possible causes include diffusion of formed hydrogen, and the contact efficiency between the methane and the surface of the catalyst.
Conclusions
(1) A novel, convenient, low-cost HTS method for screening catalysts for decomposition of methane was designed which is suitable for screening dozens of samples.
(2) The three most effective supports among a diverse group of 18 supports for catalytic decomposition of methane were rapidly determined by the HTS method as H-beta(150), H-beta(25), and H-ZSM-5(90). A Ni content of 5-10 mmol g-support −1 was sufficient for catalytic activity. 
